References Cited A method of making semiconductor laser arrays having an impurity disordered pattern of waveguides at least some of which are directly joined at branching junc tions. The region near the branching junctions provides a phase boundary condition in which lightwaves propa gating in adjacent waveguides are in phase. Using one impurity dose and one disordering depth in a first por tion of the pattern and another in a second portion of the pattern provides a combination of strong and weak waveguiding with strong waveguides that eliminate . evanescent coupling from occurring at least in the branching junction regions, and with weak guides near one or both end facets permitting evanescent coupling. The evanescent coupling between adjacent weak wave guides preserves the in phase relationship that was es tablished in the Y-junction regions, resulting in a dif fraction limited single lobe far field output. Alterna tively, even without evanescent coupling, the modes can adjust their phases in the weak waveguides, where the propagation constant is less tightly specified by the geometry. monolithic laser device in which interconnecting lateral waveguides are provided to deflect and directly couple light propagating in one or more adjacent spatially displaced emitting segments. Waveguiding may be pro vided for both the emitting segments and the intercon necting lateral waveguides by a refractive index change due to an injected charge distribution determined by current confining channels or contact stripes or due to material thickness or composition change. The inter connecting branching waveguides, termed the "Y-junc tion region' because of the Y-shaped branching junc tions connecting the interconnecting waveguides with the parallel emitting segments, are used to attenuate any out-of-phase components from propagating. The Y junction region results in boundary conditions on the phase component to be in-phase.
It has been discovered that in order for the Y-junc tion region to eliminate the out-of-phase modes, the waveguide structure must be strong enough to suppress evanescent coupling in the Y-junction region. The eva nescent coupling, or optical wave overlap between adjacent cavaties, tends to result in the propagation of out-of-phase mode. Once the light propagates away from the Y-junction region there are no restrictions on the relative phase of the adjacent emitters except at the emitting facet. Sight variations in the processing or growth of the wafer can therefore result in phase errors of the light as it propagates along the waveguides. The far field pattern as a result is broadened due to the phase randomization away from the Y-junction region.
It is an object of the present invention to provide a method of producing semiconductor lasers with wave guides which eliminate this phase randomization and thereby result in a diffraction limited far field pattern.
DISCLOSURE OF THE INVENTION
The above object has been met with a method of forming a semiconductor laser in which phase random ization of light propagating in different paths is elimi nated by introducing weaker waveguides along a por tion of the optical path. Either by coupling these weaker waveguides along their length or by allowing the guided waves to adjust their own propagation con stants, the phase information, controlled by the branch ingjunction regions, is preserved, so that the laser radi ates in the in-phase far field mode.
The method comprises forming a substrate and de positing a plurality of semiconductor layers in a heteros tructure on the substrate. At least one of the deposited layers forms an active lasing region for lightwave gen eration. A disorder inducing impurity, such as silicon, is implanted into one or more of the semiconductor layers at some depth from the surface and then annealed at elevated temperatures for a predetermined period of time. Some diffusion away from the implant region may occur. The impurity defines an areawise pattern on the laser, a first portion of which is characterized by one impurity implantation dose or by a first implant depth, while a second portion of the impurity pattern on the laser, laterally or longitudinally spaced from the first portion, is characterized by a different impurity implan tation dose or by a second implant depth. The impurity may then form a pattern of spaced-apart waveguides for transmitting lightwaves generated in the active region. The pattern can be such that at least some of the adja cent waveguides are directly coupled together at branching waveguide junctions. Lightwaves propagat ing in one waveguide combine with lightwaves propa gating in an adjacent waveguide in a coupling region defined near the branching junctions and reinforce one another if they are in phase.
The nature of the laser produced by the method is such that portions of the waveguides, including at least the branching Y-junction regions, are strong wave guides characterized by sufficiently strong guiding to fix the modal propagation constants and to eliminate evanescent coupling between adjacent waveguides. Other portions of the waveguides away from the Y junction regions need not be strong waveguides and may be characterized by weak lightwave guiding so as to allow the modes to select their own propagation constants and/or to cause evanescent coupling between adjacent waveguides. The strong and weak waveguides resulting from the method of the present invention are impurity induced disordering waveguides with differ ent degrees of disordering for the two types of wave guide. FIGS. 3A-3H and FIGS. 4-7 are schematic top plans of the waveguides for various embodiments of the semi conductor laser in accord with the present invention.
BRIEF DESCRIPTION OF THE DRAWING
BEST ternatively, instead of a plurality of thin layers in a quantum-well or multiple-quantum-well heterostruc ture, active region 64 may be formed from a single layer of Ga1-wAlwas where w is typically less than 0.1 um. This layer may comprise the active region for a separate confinement-heterostructure perhaps with graded index cladding layers. As noted above, the cladding layer may also comprise multiple layers of barrier and quantum well material. In any case, layer 64, with the highest effective index of refraction and lowest band gap, forms the active lasing region for lightwave generation and propagation under lasing conditions. Next the wafer is removed from the growth chamber and a waveguide pattern, such as those seen in FIGS.
3A-H is developed lithographically in a photoresist layer deposited over the cap layer. After pattern defini tion, a disorder inducing impurity, such as silicon, is implanted into one or more semiconductor layers 62, 64, 66, forming implants 70, laterally spaced apart as shown in phantom. For example, silicon may be implanted at an energy of about 80 keV, through a mask 72, shown in phantom, of Si3N4. After implantation, the impurity is annealed to activate the implants 70. Such annealing may be produced by heating the implanted semiconduc tor wafer at elevated temperatures for a predetermined period of time. Some diffusion may occur, broadening the implanted volume. The impurity defines a wave guide pattern, seen in FIG. 2, having 4. side of dashed line 84 may be characterized by a second implantation dose. Typically, the implantation dose in regions 80 is about 1X 1016 silicon atoms per cubic centi meter and the implantation dose in regions 82 is about 1X 1015 silicon atoms per cubic centimeter. A difference in the implantation dose produces a difference in the degree of disordering upon annealing, and results in a difference in the index of refraction. Accordingly, the implanted impurity, i.e. silicon, causes a first degree of disordering in regions 80, and a second degree of disor dering in regions 82. The active region 64, which has an effective refractive index of about 3.55 is reduced by this method by a controllable amount in the range from 0.00 to 0.05. The laser array structure shown in FIGS. 1 and 2 have both strong and weak index guiding por tions. Portions of waveguides 76 in regions 80 are strongly guided due to the greater disordering from the higher implantation dose. Portions of waveguides 76 in regions 82 are weakly guided due to a lesser disordering from the lower implantation dose. Thus, a hybrid laser array is created.
The depth of disordering, which is controllable through the implantation dose, the accelerating voltage or both, is used to create index changes in various layers at different depths across the wafer. For example, in one experiment silicon was implanted at an energy of 80 kev and annealed for one hour at 850 C. The disordering depths for implantation doses of 7x1014 cm-3, 3X 10.15 cm-3 and 1x1016 cm-3 were 0.35um, 0.75um and 0.9 um respectively. For an annealing time of two hours, the disordering depths were 0.75 um, 0.85 um and 1.2 um respectively.
Conductive contact layers, not shown, are deposited lastly on substrate 60 and cap layer 68 and provide a metallization for electrode connection for forward bias ing of the laser and current injection whereby light is generated in active region 64. The contact layer on substrate 60 is typically composed of Au/Ge alloy while the contact layer on cap layer 68 is typically composed of a Ti/Pt/Au alloy.
With reference to FIG. 2 , the resulting semiconduc tor laser has an array of generally parallel spatially displaced waveguides 76 for guiding lightwaves propa gating in an active region under lasing conditions in a resonant optical cavity defined between an end facet 86 and an end facet 88. Waveguides 76 form laser light emitters at one or both of the facets 86 and 88 from where a plurality of beam elements are radiated. The number of emitters may range from a few to several thousand or more and the beam elements are preferably radiated in phase with one another so as to form a dif fraction limited single lobe far field pattern.
Adjacent waveguides are directly connected to gether by interconnecting waveguides at Y-shaped junctions 78. In operation, lightwaves from adjacent waveguides propagating in interconnecting waveguides interact injunction regions defined near Y-shaped junc tions 78. If light from adjacent waveguides are in phase with one another, they reinforce one another in Y-junc tion region, and the resulting superposed lightwave continues to propagate. But if light from adjacent wave guides are out of phase from one another, the resulting superposed lightwave is attenuated. Waveguides 76 preferably support a single mode in order to enhance the attenuation of out of phase modes. The Y-junctions 78 result in boundary conditions causing the phase com ponent of propagating lightwaves to be in phase. coupling, such as Y-junctions 78, are introduced. A weak index guide is defined as one in which the wave guides are either normally evanescently coupled to such extent that they would emit coherently if no other cou pling mechanism were present, or the waveguides are such that the modal propagation constant is not tightly fixed, i.e. the propagation constant varies through evanescently coupled regions more than in strong index guide regions. As a result of strong waveguiding in regions 80, lightwaves propagating in adjacent wave guides 76 have narrow widths, much smaller than the separation between the adjacent waveguides, so that evanescent coupling, i.e. optical wave overlapping, is substantially eliminated. On the other hand, lightwaves propagating in adjacent waveguides of weak guiding region 82 have broad widths on the order of the wave guide separation, so that wave overlapping, i.e. evanes cent coupling, may occur.
In order for Y-junction regions 78 to eliminate out-of phase modes, the waveguiding must be strong enough to eliminate evanescent coupling. Evanescent coupling tends to result in the propagation of out-of-phase modes, because the out-of-phase modes have a zero electric field amplitude between the waveguides which coincides with the zero, lower gain or higher loss re gions between adjacent waveguides. Accordingly, strong guiding region 80 includes at the very least junc tion regions around Y-shaped junctions 78. Regions of the laser away from Y-junction 78 need not eliminate evanescent coupling and may have either strong or weak waveguides.
Once lightwaves propagate away from the junction regions, there are no restrictions on the relative phase of the adjacent emitters except at the facets 86 and 88. Without coupling between the adjacent waveguides, or permitting the phase to self-adjust, slight variations in the processing of the laser can result in phase random ization of the light waves as they propagate along the waveguides. Weakly guided regions 82 are thus pro vided to preserve the phase information derived from the Y-junction regions by allowing evanescent coupling or phase adjustment of the lightwaves.
With reference to FIGS. 3A-3H, various possible waveguide patterns may be used to produce a single and 3E. The waveguides may also alternate between strong and weak guiding, as shown in FIG. 3B . The weak waveguide portions may extend to the end facets, as in FIG. 3A , or may stop short of the end facets, as in FIGS. 3C and 3E. If the waveguides at the emitting facet 65 or 67 are strong waveguides, the guides may be flared, the width may increase toward the emitting facet, to produce a greater laser beam spot size and thereby reduce the beam divergence of the emitters, increase the "fill factor' of the radiators, and reduce the potential for facet damage at high energy laser output.
With reference to FIG. 4 , weakly guided laser arrays of the prior art tend to undergo lateral superradiance when the number of waveguides, array width or wave guide packing density exceeds a certain limit. Lateral superradiance is a condition in which stimulated emis sion and light amplification occurs for lightwaves prop agating in the lateral direction. Lateral superradiance consumes power that could be used for producing light emission in the longitudinal direction and also produces additional waste heat. To overcome this, the waveguide pattern in FIG. 4 1. A method of forming a semiconductor laser com prising (a) depositing on a substrate a plurality of semicon ductor layers, said layers including at least one active lasing region for lightwave generation, (b) implanting a disorder inducing impurity into one or more of said semiconductor layers, said impurity defining a pattern, a first portion of said pattern characterized by a first implantation dose of said impurity and a second portion of said pattern char acterized by a second implantation dose of said impurity, and (c) annealing said impurity in said semiconductor layers, said impurity producing a first degree of disordering in said first portion of said laser and a second degree of disordering in said second portion of said laser.
2. The method of claim 1 wherein said active lasing region is disordered in said first portion of said laser array more than in said second portion.
3. The method of claim 1 wherein said annealing of said impurity is produced by heating at elevated tem peratures for a predetermined period of time.
4. The method of claim 1 wherein said disorder in ducing impurity is silicon. 5. The method of claim 1 wherein said impurity de fines a pattern of spaced apart waveguides for transmit ting lightwaves generated in said active lasing region, at least some of said waveguides being directly connected together at branching waveguides junctions, said first portion of said pattern including said junctions.
6. The method of claim 5 wherein said spaced apart waveguides are nonuniformly spaced, said branching waveguide junctions being asymmetric. 7. The method of claim 5 wherein said second portion of said waveguide pattern is located near one end of said waveguides.
8. The method of claim 5 wherein second portions of said waveguide pattern are located near both ends of said waveguides.
9. The method of claim 5 wherein said second portion of said waveguide pattern extends to the ends of said waveguides. 10. The method of claim 5 wherein first portions of said waveguide pattern are located near both ends of said waveguides and at said branching waveguide junc tions and said second portion of said waveguide pattern is located in a central region between said branching waveguide junctions.
11. The method of claim 5 wherein said pattern of spaced apart waveguides are arranged into groups of directly coupled waveguides, said second portion of said pattern defining weak waveguides between said groupS.
12. The method of claim 5 wherein second portions of said pattern are located near one end of said waveguides 13. A method of forming a semiconductor laser con prising, (a) depositing on a substrate a plurality of semicon ductor layers, said layers including at least one active lasing region for lightwave generation, (b) implanting a disorder inducing impurity to a first depth within said semiconductor layers, said impu rity defining a first portion a pattern, (c) implanting a disorder inducing impurity to a Sec ond depth within said semiconductor layers, said impurity at said second depth defining a second portion of said pattern, and (d) annealing said impurity in said semiconductor layers, said impurity disordering said layers at a first disordering depth in said first portion of said laser array and at a second disordering depth in said second portion of said laser. 14. The method of claim 13 wherein said active lasing region is disordered in said first portion of said laser array more than in said second portion.
15. The method of claim 13 wherein said diffusing of said impurity is produced by annealing at elevated tem peratures for a predetermined period of time.
16. The method of claim 13 wherein said disorder inducing impurity is silicon.
17. The method of claim 13 wherein said impurity defines a pattern of spaced apart waveguides for trans mitting lightwaves generated in said active lasing re gion, at least some of said waveguides being directly connected together at branching waveguides junctions, said first portion of said pattern including saidjunctions.
18. The method of claim 17 wherein said spaced apart waveguides are nonuniformly spaced, said branching waveguide junctions being asymmetric. 22. The method of claim 17 wherein first portions of said waveguide pattern are located near both ends of said waveguides and at said branching waveguide junc tions and said second portion of said waveguide pattern is located in a central region between said branching waveguide junctions.
23. The method of claim 17 wherein said pattern of spaced apart waveguides are arranged into groups of directly coupled waveguides, said second portion of said pattern defining weak waveguides between said groups.
24. The method of claim 17 wherein second portions of said pattern are located near one end of said wave guides for a first set of waveguides and near the other end of the waveguides for a second set of waveguides.
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